Abstract: Air pollution is a major cause of sub-optimal lung function and lung diseases in childhood and adulthood. In this study we compared the lung function (measured by spirometry) of 537 Ugandan children, mean age 11.1 years in sites with high (Kampala and Jinja) and low (Buwenge) ambient air pollution levels, based on the concentrations of particulate matter smaller than 2.5 micrometres in diameter (PM 2.5 ). Factors associated with lung function were explored in a multiple linear regression model. PM 2.5 level in Kampala, Jinja and Buwenge were 177.5 µg/m 3 , 96.3 µg/m 3 and 31.4 µg/m 3 respectively (p = 0.0000). Respectively mean forced vital capacity as % of predicted (FVC%), forced expiratory volume in one second as % of predicted (FEV 1 %) and forced expiratory flow 25-75% as % of predicted (FEF 25-75 %) of children in high ambient air pollution sites (Kampala and Jinja) vs. those in the low ambient air pollution site (Buwenge subcounty) were: FVC% (101.4%, vs. 104.0%, p = 0.043), FEV 1 % (93.9% vs. 98.0, p = 0.001) and FEF 25-75 % (87.8 vs. 94.0, p = 0.002). The proportions of children whose %predicted parameters were less than 80% predicted (abnormal) were higher among children living in high ambient air pollution than those living in lower low ambient air pollutions areas with the exception of FVC%; high vs. low: FEV1 < 80%, %predicted (12.0% vs. 5.3%, p = 0.021) and FEF 25-75 < 80%, %predicted (37.7% vs. 29.3%, p = 0.052) Factors associated with lung function were (coefficient, p-value): FVC% urban residence (−3.87, p = 0.004), current cough (−2.65, p = 0.048), underweight (−6.62, p = 0.000), and overweight (11.15, p = 0.000); FEV 1 % underweight (−6.54, p = 0.000) and FEF 25-75 % urban residence (−8.67, p = 0.030) and exposure to biomass smoke (−7.48, p = 0.027). Children in study sites with high ambient air pollution had lower lung function than those in sites with low ambient air pollution. Urban residence, underweight, exposure to biomass smoke and cough were associated with lower lung function.
Introduction
Lung development commences in utero, continues through adolescence, and ceases in early adulthood (about 25 years) [1] [2] [3] . During this stage of growth and development, several factors such as air pollution, may affect the lungs leading to sub-optimal lung function. Sub-optimal lung function predisposes to wheezing illness as children and Chronic Obstructive Pulmonary Disease (COPD) as adults [4] [5] [6] [7] . A study by Bui et al. that investigated the impact of childhood lung function deficits on adulthood COPD found that children in the lowest quartile of FEV 1 /FVC ratio at 7 years had almost six time the risk of COPD in middle life [6] . Prominent among the risk factors for early life lung damage is air pollution. Air pollution has the potential to impair lung growth from as early as prenatal life [8] [9] [10] . Children are prone to greater lung damage from air pollution than adults because of their rapidly growing and still immature lungs, more time spent outdoors and increased physical activity requiring larger inhalation volumes [11] . Studies conducted in countries other than Uganda have reported deficits in lung function and increased frequency of respiratory symptoms in children of all age groups who are exposed to air pollution (14, (16) (17) (18) (19) (20) . Urban-rural comparisons have reported a higher frequency of respiratory symptoms and poorer lung function among the urban children [12] [13] [14] . One of the possible explanations is the higher degree of air pollution in the urban areas, arising from a combination of motor vehicle fumes, industries and biomass smoke arising from open rubbish burning and cooking and lighting in crowded slum areas in Low and Middle-income countries (LMICs). Like many other developing countries, Uganda is currently facing major challenges from increasing ambient and indoor air pollution levels [15] [16] [17] . Recently, we reported mean ambient PM 2.5 levels in two Ugandan cities which were 5.3 times than the World Health Organization (WHO) limits [15] . Furthermore, we found that PM 2.5 levels were higher in Kampala (the capital city) than in Jinja (the second largest city in Uganda) (138.6 µg/m 3 vs. 99.3 µg/m 3 ) [15] .
We therefore hypothesized that children living in sites with high ambient air pollution (Kampala city and Jinja municipality, urban) would have lower lung function than those living the site with low ambient air pollution (Buwenge subcounty, rural). We also hypothesized that children in Jinja municipality which is a smaller city with lower ambient air pollution would have better lung function than those in Kampala city which has higher ambient air pollution. To test these hypotheses, we studied children at three sites of varying air pollution levels and urbanization in Uganda: Kampala (city), Jinja (municipality) and Buwenge subcounty (rural).
Materials and Methods
This was a cross sectional survey of school children in two urban locations: (Kampala city, Jinja municipality) and one rural site (Buwenge subcounty in Jinja district).
Kampala city is the capital city of Uganda. It is characterized by a mixture of residences, industries and commercial areas. The residents are also a mixture of high, middle and low socioeconomic status. The middle and lower class commonly use biomass for cooking, particularly in form of charcoal and wood. Jinja municipality has demographic characteristics similar to those of Kampala city but on a lower scale; the population is smaller, less vehicular traffic and fewer slums. On the hand, Buwenge subcounty, which is found in the Jinja district, is a rural area, with little vehicular traffic and residents mainly use biomass for cooking using the typical three-stone open fire stoves [18, 19] . The main economic activity in Buwenge subcounty is subsistence agriculture and there are no industries.
The inhabitants of Kampala city and Jinja municipality are mainly Black Africans (99%), and the rest are either Asians or Caucasians. The people from Buwenge subcounty are all Black Africans [20] . The weather conditions in the three sites are almost the same with high temperatures and high humidity all year round. The average annual temperature is 21.9 • C and relative humidity ranges from 53-89% [21] . Annual rainfall ranges from 1750-2000 mm. The survey in Jinja municipality and Buwenge subcounty was conducted during the March-April period which is the beginning of the first rainy season (relatively little rainfall). On the other hand, we tested Kampala children during the June-July period which is the end of the first rainy season (also relatively little rain).
The study was conducted in primary schools that were randomly selected from a list obtained from the district education departments. In Kampala, the schools selected were Buganda Road primary school and Uganda Railways primary school, both in the central division of Kampala. In Jinja municipality, Victoria Nile primary school and Walukuba East primary school were selected. In Buwenge subcounty, we randomly selected Buweera and Kagoma primary schools. All the schools that were selected are day public schools. The children in public schools in both urban and rural areas are usually from the lower socioeconomic class.
Sample Size
The sample size calculations were based on power ≥0.80 and two-sided α = 0.05. The values used to calculate the sample size were based on estimates obtained from Asgari et al. study in Tehran [12] . We powered the study to detect a 6% difference in predicted percent FEV 1 between urban and rural areas. Two hundred participants were needed in each of the three sites (Kampala, Jinja urban and Jinja rural) to detect this difference.
Recruitment
Children in in primary grades four to seven (commonly 9-12 years old) in the selected schools were all invited to participate in the study Information about the study and consent forms were sent to the parents/guardians through the children, who provided written consent to their children's participation in the study. The children provided written assent. All participants were screened for any contraindication to spirometry (history of any mental illnesses, history of admission for cardiac illness within the last 6 months, recent thoracic, abdominal or eye surgery or retinal detachment and active tuberculosis or any other acute lung infection). Those who were found to have any contra-indications were excluded. Children with lung infections other than tuberculosis were later included upon recovery from the infection.
Data Collection/Procedures
A questionnaire was used to collect data on the respiratory symptoms and air pollution exposures. Children completed the questionnaire with the help of their parents or a research assistant. Data on respiratory symptoms such as wheeze, cough and breathlessness at the time of data collection and/or in the 12 months prior to enrolment were also collected. Data on indoor and outdoor air pollution exposures such as exposure to biomass smoke while cooking, burning rubbish, and second-hand tobacco smoke was also collected.
Lung function assessment: Lung function was assessed by Spirometry according to American Thoracic Society/European Respiratory Society (ATS/ERS) guidelines using a Pneumotrac ® with Spirotrac ® V software (Vitalograph Ltd., Buckingham, UK) [22] . Forced vital capacity (FVC), forced expiratory volume in the first second (FEV 1 ) and forced expiratory flow at 25-75% of FVC (FEF ) and their corresponding percent predicted (%predicted) for age, weight, height, gender and ethnicity were recorded. Predicted parameters were based on NHANES III lung function prediction models [23] .
Particulate pollutant measurement: PM 2.5 concentrations were measured as an indicator of ambient air pollution. A real-time aerosol monitor, DUSTTRACK II-8530 (TSI Inc., Shoreview, MN, USA) was used to collect PM 2.5 particle levels at each school (two schools per site). Sampling was done over 24 h for one day.
Data Analysis
Descriptive statistics were used to summarize the participants' socio-demographic characteristics and lung function parameters (forced vital capacity (FVC), forced expiratory volume in the first second (FEV 1 ), FEV 1 /FVC (FEV 1 ratio) and forced expiratory flow 25-75% (FEF 25-75 %)) and their percentage predicted values (FVC%, FEV 1 %, FEF 25-75 %). These parameters were compared between sites using analysis of variance (ANOVA) and by urban status using the independent t-test. Urban residence was defined as residing in either Kampala city or Jinja municipality while rural residence was defined as residing in Buwenge subcounty.
We analyzed for factors associated with lung function, that is, factors associated with each of percentage predicted values (FVC%, FEV 1 %, FEF 25-75 %). First, we performed simple linear regression. Factors that showed an association with the parameters with a p-value of ≤0.20 were all included in a multiple linear regression model. The factors assessed for association were; (1) urban status (2) Air pollution:-ambient air pollution (PM 2.5 , living within 500 m of a factory, living within 500 m of a road frequently used by cars) and exposure to biomass smoke (defined as using either charcoal, wood or kerosene in the homes for cooking or lighting), (3) tobacco smoke exposure defined as living with someone who smokes or children smoking themselves, (4) malnutrition (underweight and overweight) assessed by body mass index (BMI) for age. BMI for age was calculated using United States of America Centers for Disease Control and prevention software (children BMI tools for school) [21] , (5) socioeconomic status (SES) and (6) respiratory symptoms. The SES was assessed by SES index derivation from socioeconomic parameters collected in the survey using principal component analysis (PCA) as has been previously done in other studies [24] . The variables included in the PCA analysis were occupation of parents, education level of parents, type of housing, ownership of assets and number of persons sharing a room in the household. The SES was put in 3 quintiles with the lower quintile corresponding to lower values of the index and upper quintiles corresponding to the well-off households/individuals. Age, sex and height were not included in the model for factors associated with lung function because these are corrected for in the percentage predicted parameters. Correlation between factors (multicollinearity) was checked using variance inflation factor (VIF) and centering considering in case of a multicollinearity problem (VIF > 10). A p-value of less than 0.05 was considered to represent significant association. All analyses were performed using Stata version 14 (StataCorp. 2015. Stata Statistical Software: Release 14, StataCorp LP, College Station, TX, USA).
Ethical Considerations
The study protocol was approved by the Mulago Hospital Research and Ethics Committee and the Uganda National Council for Science and Technology Administrative clearance was obtained from the departments of Education of Kampala city and Jinja district (ethical approval number: MREC:582). Parents/guardians provided informed written consent and children gave assent.
Results

Study Participants Characteristics
Of the 537 participants, 185 were from Kampala, 151 from Jinja Municipality and 201 from Buwenge subcounty. The survey in Jinja and Buwenge was conducted in the months of March-April 2015 (beginning of rainy season) while that in Kampala was conducted in the months of June-July 2015 (end of rainy season). Children characteristics are presented in Table 1 . The mean age (standard deviation) of the children was 11.1 ± 1.3 years. The proportion of boys was 44.3% in Kampala city, 33.1% in Jinja Municipality and 54.2% in Buwenge subcounty. The mean height of urban children was significantly higher than for rural children (145.5 cm for Kampala, 144.8 cm for Jinja municipality and 139.5 cm for Buwenge subcounty, p = 0.0000). Urban children weighed on average 36.2 kg (36.7 kg for Kampala and 35.7 kg for Jinja municipality) compared to rural children who weighed 32.1 kg, p = 0.0000. Underweight rates were 10.9% for Kampala, 17.3% for Jinja and 31.5% for Buwenge. Overweight rates were 8.2% for Kampala, 2.7% for Jinja and 5.6% for Buwenge. Obesity rates were low 0.5%, 3.3% and 0.5% for Kampala, Jinja and Buwenge respectively. Having one or more of the respiratory symptoms (cough, wheeze, shortness of breath) occurred in 54.1% of the children in Kampala, 62.9% of the children in Jinja municipality and 66.7% of the children in Buwenge subcounty (p = 0.035). 
Air Pollution
Air pollution exposures (indoor and outdoor) are shown in Table 2 . Children had high exposures to biomass smoke in both urban and rural sites, but higher among rural children (94.6% vs. 87.1%, p = 0.011). Exposure to second hand tobacco smoke was higher among rural than urban children (6.2% vs. 3.0%, p = 0.11). The mean particulate matter pollution (PM 2.5 ) levels by site are shown in Table 2 . The 24-h pollution levels for Kampala city, Jinja municipality and Buwenge subcounty were 177.5 µg/m 3 , 96.3 µg/m 3 and 31.4 µg/m 3 respectively (p = 0.0000). Table 3 . When grouped by urban status (high vs. low air pollution levels), the actual lung function values for urban children appeared higher than for rural children but after correcting for age, height, sex (the percentage predicted parameters) rural children were found to have significantly better lung function than urban children (Table 4 and Figure 1b) . A comparison the same parameters between Kampala and Jinja municipality (the two urban sites) revealed that Kampala children had higher parameters than Jinja municipality children with the exception of FEF % where the differences where not statistically different ( Table 5 ). The proportions of children whose %predicted parameters were less than 80% predicted by urban status urban vs. rural were: FVC < 80%, %predicted (3.3% vs. 3.0%, p = 0.85), FEV1 < 80%, %predicted (12.0% vs. 5.8%, p = 0.021) and FEF 25-75 < 80%, %predicted (37.7% vs. 29.3%, p = 0.052) ( Table 5) . Table 3 . Lung function of study participants by site. 
Factors Associated with Lung Function
Factors associated with each of the lung function parameter (FVC%, FEV1% and FEF25-75%) in a multivariate linear model are presented in Table 6 . Significant associations were observed with the following factors: FVC% rural residence (3.87, p = 0.004), underweight (−6.62, p = 0.000), overweight (11.15, p = 0.000) and cough (−2.65, p = 0.048); FEV1% underweight (−6.54, p = 0.001) and FEF25-75% rural residence (8.67, p = 0.030) and exposure to biomass smoke (−7.48, p = 0.027). 
Factors associated with each of the lung function parameter (FVC%, FEV1% and FEF 25-75 %) in a multivariate linear model are presented in Table 6 . Significant associations were observed with the following factors: FVC% rural residence (3.87, p = 0.004), underweight (−6.62, p = 0.000), overweight (11.15, p = 0.000) and cough (−2.65, p = 0.048); FEV 1 % underweight (−6.54, p = 0.001) and FEF 25-75 % rural residence (8.67, p = 0.030) and exposure to biomass smoke (−7.48, p = 0.027). 
Discussion
Results from this study show that children living in urban areas with high air pollution have significantly lower lung function and higher rates of failure to reach at least 80% of their predicted lung function than those living in less polluted rural areas. Lower lung function is associated with urban residence, underweight, cough and exposure to biomass smoke.
The finding of lower lung function in children exposed to high levels of air pollution is similar to findings from previous studies in other settings such as Greece, India and Iran [12] [13] [14] . A study by Asgari et al. found mean FEV 1 % of 89.0% in high ambient air pollution location and 99.0% in a low ambient air pollution areas [12] . In California a 10-year prospective study found deficits in FEV 1 growth to be associated with pollution [25] . A follow up study in this cohort has confirmed significant improvements in lung function with decreasing air pollution (mean 4-year growth in FEV 1 increased by 91.4 ml per decrease of 14.1 ppb in nitrogen dioxide level (p < 0.001), by 65.5 mL per decrease of 8.7 µg per cubic meter in PM 10 level (p < 0.001), and by 65.5 mL per decrease of 12.6 µg per cubic meter in PM 2.5 level (p = 0.008)) [26] . These findings suggest a deleterious effect of air pollution on children lung function [9, 27, 28] . Air pollution exposure is believed to result in a reduced formation of alveoli and causes inflammation that leads to airway remodeling eventually resulting in reduced lung function [29] .
It must be noted that the differences in the percentage predicted parameters in our study between urban and rural children though statistically significant are much lower than observed in other studies. We found that FVC% was only 2.6% lower, FEV 1 % was 5.3% lower and FEF 25-75 % was 6.8% lower compared to the ones reported by Asgari et al. and other studies. We postulate that these smaller differences could be due to higher exposure of rural children to indoor air pollution due to more frequent use of wood for indoor cooking. Indoor air pollution exposure has also been linked to decrement in lung function. In China Roy et al. found a mean FEV 1 of 1427 mL SD 303 mL among children exposed to biomass smoke and 1598 mL SD 325 mL among those not exposed to biomass smoke, a difference of 171 mL (10.7%) [30] .
Although the association between lung function and air pollution (PM 2.5 ) in this study did not reach statistical significance, the lower lung function in urban children in study is probably due to exposure to ambient air pollution. The average PM 2.5 levels measured at the urban site of 141.0 µg/m 3 far exceeds World Health Organization (WHO) defined allowable limits of 25 µg/m 3 . This is not the first study demonstrating high pollution levels in the study urban sites. In our study conducted in 2014 we demonstrated average levels of PM 2.5 particles of 132.1 µg/m 3 in Kampala and Jinja [15] .
The study found that children in Jinja municipality had lower lung function than those in Kampala city which has higher ambient air pollution. We expected that lung function would be lowest in Kampala children followed by Jinja municipality and Buwenge. The reasons for this observation are not clear from the data that we have from the survey. However, we think that it probably due to the fact that Jinja municipality's air pollution was much higher than recommended (96.3 µg/m 3 ) and also had higher rates of biomass smoke exposure than Kampala city (92.7% vs. 83.6%) as well as higher rates of underweight (17.3% vs. 10.9%) and cough (51.7% vs. 46.0%).
In addition to lower attainment of expected lung function, this study found that the rates of abnormal lung function as assessed by having an FEV 1% and FEF % less than 80% predicted was higher among children in high pollution urban sites. These two lung function parameters assess air narrowing or obstruction. Indeed, in children FEF is believed to be a better measure of airway obstruction than the FVC/FEV 1 [31] . The abnormalities could also be reflection higher asthma which is known to be more prevalent in urban areas [32, 33] . A study by Churg et al. of 20 children exposed to high air pollution in Mexico City and 20 Canadian children with low exposure to particle pollution found that Mexican children had more small airway fibrous tissue and electron microscope found high burden of particles in Mexican children with some having visible particles in the mucosa [29, 34, 35] .
Children in urban sites, those with cough, exposure to biomass smoke and underweight had lower lung function. The association between lung function and, cough, urbanization, underweight and biomass smoke exposure has been previously reported [15, [36] [37] [38] . In the current study, the association between biomass smoke exposure and lung function was found only for FEF %, a key marker of small airway dysfunction. The pathophysiology of biomass smoke airway damage is not yet fully understood but a recent study in China suggests that biomass smoke probably causes disease through damage to the small airways which is consistent with the association with FEF 25-75 % observed in this study [39] . Nutritional status has been previously found to affect lung function [38, [40] [41] [42] . In Nigeria, Kuti et al. assessed the effect of nutritional status in 250 children and found that underweight children had significantly lower lung function than normal weight children [38] . Overweight is usually associated with lower lung function. The association with overweight is probably a reflection of better wellbeing in this cohort rather than a true association because we observed high rates of underweight in this study. The association between respiratory symptoms and lower function has been previously observed and may be a reflection of obstructive diseases such as asthma [43, 44] . Bremner et al. in a study in Australia showed that persons with current cough has FEV 1 65mls lower than those without cough [44] .
This study did not assess physical activity which is known to affect lung function [45, 46] . Jie Ji et al. in a study of 1713 Chinese girls (average age 9.9 years) found that physical activity as reported on a questionnaire was associated with better growth in mid expiratory flows per year (FEF , 0.36 L/s vs. 0.28 L/s) (all p < 0.05) [45] . In another study Wang DY et al. found that lung function was positively correlated with fat free mass a surrogate of better physical activity [46] . In this study, we did not investigate physical activity and therefore cannot assess its effect on lung function. However, literature shows that rural children are usually more physically active than urban children [47] [48] [49] .
We found that respiratory symptoms were very common among children irrespective of whether they were from high pollution (urban) or low pollution (rural). Rural children had more cough while urban children had more wheeze. The observation is consistent with that observed in other studies [12, 50] . Asgari et al. found a similar pattern in Tehran: lower function among urban children and more respiratory symptoms in rural children [12] . In Bangladesh a study reports that the children in the rural area suffered significantly more from respiratory symptoms (incidence rate ratio 1.63, 95% confidence interval (CI) 1.62-1.64) [50] . The higher symptom rate among rural children could probably be due to high indoor pollution exposure. Although overall exposure to biomass used for cooking, heating and lighting in homes was high among urban and rural children, use of biomass fuels such as wood which are known to be more polluting was higher among rural children. Exposure to biomass pollution for children occurs in very high levels during cooking and probably more associated with acute respiratory effects rather than the chronic lung function deficits. Previous studies have found associations between respiratory infections and exposure to indoor air pollution. These infections could cause more symptoms especially cough and phlegm which are indicative respiratory infection rather than permanent lung function deficit [51] . Ambrose and Onyekachi analyzed Uganda demographic and health surveys of 2001 and 2011 respectively and found that acute respiratory infections were strongly associated with the use of biomass fuels in household settings [51, 52] . Sanbata et al. also found that acute respiratory illness in children was correlated with living in poor housing circumstances characterized by greater biomass fuel use [52] . We further postulate that the higher reports of respiratory symptoms among the rural children in the current study could be related to poor access to health care facilities in the rural settings. Symptomatic children in urban environments may be treated earlier due to better access to healthcare hence presenting fewer concurrent symptoms. It is well described that access to healthcare is usually poor in rural areas [53, 54] .
Rural children were significantly shorter than urban children (145.2 cm vs. 139.5 cm). The finding that rural children are shorter has been reported in Uganda National demographic and health survey (UDHS) and the Uganda National panel surveys (UNPS) [55, 56] . In the UDHS stunting rate among under five children was 35.6% among rural children and 18.6% among urban children [55] while in UNPS it was 35% vs. 15% [56] . This study did not involve a detailed assessment of factors associated with growth and nutrition. However other studies in Uganda investigating factors associated with stunting found that stunting was associated with poor health, low socioeconomic status of the family, poor education of the mother of infants < 12 months, consumption of food of low energy density (<350 kcal/100 g dry matter) and consumption of small meals [57, 58] .
This survey had limitations. Firstly, the survey was not conducted simultaneously at the different sites and only one day PM 2.5 measurements were conducted. There could have been temporal changes in air pollution levels that could affect the outcomes. Children in schools were included. Children in schools may be different from their counterparts out of school in terms of socio-economic status. School going may also increase person to person transmission of respiratory infections hence the high symptom rates. Objective assessment of indoor air pollution was not done. Therefore, the true exposure status of the children to indoor pollutants cannot be ascertained. We also did not perform a detailed nutritional assessment. Nutritional is known to affect lung function and health. The study is a cross sectional survey which limits ability to study factors that could be responsible for the lower lung function.
Conclusions
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